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For exoskeletons intended for partial gait assistance, uni-
lateral plantarflexion assistance in patients with hemipare-
sis (e.g. stroke) is an important potential application (e.g. 
[1,2]). The underlying rationale is that unilateral assistance 
to the paretic limb could reduce propulsion asymmetry and 
thus reduce the metabolic cost of walking.  
Most of the studies with ankle exoskeletons used bilateral 
exoskeletons, whereas only a limited number of studies 
used unilateral exoskeletons (e.g. [1,3,4]). It is unknown to 
what extent the findings from studies with bilateral exo-
skeletons apply to unilateral exoskeletons.   
 
A study with unilateral ankle fixation shows increased met-
abolic cost due to work redistribution from the ankle to-
wards the less efficient hip [5]. From the simplest model 
one could predict higher collision dissipation for each one 
out of two steps without augmented ankle push-off [6]. It 
is uncertain, however, to what extent results from simple 
models or perturbation experiments [7] can be extrapolated 
towards unilateral push-off assistance experiments. A re-
cent parameter-sweep study with unilateral exoskeleton as-
sistance did find reductions in metabolic cost and biome-
chanical parameters versus zero-walk assistance [4] but no 
direct comparisons versus bilateral assistance was done as 
this was not part of that study.  
 
The aim of the present study is to compare unilateral versus 
bilateral exoskeleton assistance.  
First, we hypothesize that asymmetric (i.e. unilateral) push-
off assistance leads to lower metabolic reduction than bi-
lateral assistance with the same amount of work assistance. 
Second, we hypothesize that unilateral assistance will 
cause asymmetry that will lead to compensation(?) effects 
in the unassisted leg compared to zero work assistance.  
Third, we will analyze if there are differences in adaptation 








We tested 12 healthy subjects during treadmill walking 
with a tethered pneumatic ankle exoskeleton [8]. 
The delivered positive work was monitored via force and 
displacement sensors on the exoskeletons. We were able to 
set positive work assistance to fixed desired values via an 
iterative learning controller as in [9]. 
 
In the ‘Unilateral’ conditions the subjects wore both exo-
skeletons but only one leg was assisted (this was done for 
the left and right leg alternatively). 
In the ‘Bilateral Matched Total Work’ condition, half of 
the total work from the Unilateral condition was applied to 
both legs such that the total positive work assistance was 
equal to the Unilateral condition.    
In a second bilateral condition, the ‘Bilateral Matched Leg 
Work’ condition, the same work per leg as in the assisted 
leg of the Unilateral condition was provided to both legs 
such that the total work assistance was double of the Uni-
lateral condition (Figure 1A). 
In the ‘Zero-Work’ condition subjects walked wearing the 
exoskeleton with the assistance turned off. 
 
Paired t-tests were done for specific comparisons of inter-
est:  
The total effect of the Unilateral conditions versus Bilateral 
Matched Total work 
The unassisted leg in Unilateral versus the same leg in 
Zero-Work. 
The assisted leg in Unilateral versus the same leg in Bilat-
eral Matched Leg Work.  
We analyzed metabolic rate, EMG, kinematics, total body 
center-of-mass power and swing leg joint kinetics. In this 





3 Results and Discussion 
The reduction in metabolic rate in the Unilateral conditions 
trended to be smaller than in the Bilateral Matched Total 
Work condition and was about half of the Bilateral 
Matched Leg Work condition (Figure 1B).  
When the reductions in metabolic rate are normalized ver-
sus total positive work assistance, the Bilateral Matched 
Total Work condition had the best metabolic rate versus 
mechanical work ratio approaching minus 4 J metabolic 
rate per J positive exoskeleton work. The other three con-
ditions all had the same ratio of about 2.   
Analysis of EMG indicates that Unilateral conditions cause 
reductions in the assisted leg as well as in the unassisted 
leg (Figure 2A). Reductions in EMG in the unassisted leg 
could be caused by collision and/or rebound reduction from 
the contralateral assisted leg during the step-to-step transi-
tion (Figure 2B). These could also be caused by assistance 
in the ipsilateral leg during the previous step leading to re-
duced required propulsion in the next step. Or they could 
be caused by a tradeoff with another joint in the unassisted 




Figure 1: A) Positive work per leg and bilateral sum in the 
different exoskeleton conditions. B) Change in metabolic 
rate. C) Metabolic rate vs. mechanical work ratio.  
 
Figure 2: A) Unassisted leg rectus femoris EMG.  
B) CoM excursion. Horizontal green bar represents actua-
tion period in contralateral leg. 
 
4 Conclusion 
The finding of the highest negative metabolic rate versus 
mechanical work ratio in the Bilateral Matched Total Work 
condition means that if a constrained amount of mechanical 
work is available (e.g. from a battery) it is more advanta-
geous to distribute this work evenly over both legs.  
The EMG reductions in the unassisted leg also suggest that 
if the goal is to maximize assistance to one (impaired) leg 
it might still be advantageous to use a bilateral exoskeleton, 
perhaps with a different actuation pattern for each leg that 
is specifically optimized such that each exoskeleton side 
assists specific phases in the impaired leg.  
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